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Vortex sheddingAbstract Combustion instability of pilot flame has been investigated in a model pilot bluff body
stabilized combustor by running the pilot flame only. The primary objectives are to investigate
the pilot flame dynamics and to provide bases for the study of the interaction mechanisms between
the pilot flame and the main flame. Dynamic pressures are measured by dynamic pressure transduc-
ers. A high speed camera with CH* bandpass filter is used to capture the pilot flame dynamics. The
proper orthogonal decomposition (POD) is used to further analyze the high speed images. With the
increase of the pilot fuel mass flow rate, the pilot flame changes from stable to unstable state grad-
ually. The combustion instability frequency is 136 Hz when the pilot flame is unstable. Numerical
simulation results show that the equivalence ratios in both the shear layer and the recirculation zone
increase as the pilot fuel mass flow rate increases. The mechanism of the instability of the pilot flame
can be attributed to the coupling between the second order acoustic mode and the unsteady heat
release due to symmetric vortex shedding. These results illustrate that the pilot fuel mass flow rate
has significant influences on the dynamic stability of the pilot flame.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In current afterburner and ramjet engine designs, thermo-
acoustic instability which is excited by the feedback loop
between dynamic combustion processes and one or morenatural acoustic modes of the combustor is frequently encoun-
tered.1 This oscillation can result in increased noise, thrust
oscillations, and flame blowoff or flashback. In the bluff body
stabilized combustor, the flame is stabilized by igniting the
incoming fresh fuel–air mixture in the shear layer when the
fuel–air mixture mixes with the high temperature combustion
products from the recirculation zone downstream of the bluff
body.2 From a designer’s point of view, the requirements for
both static stability and dynamic stability should be met.
According to Lovett et al.3 and Ebrahimi,4 static stability
can be defined as the lean blowoff limit of a flame, while
dynamic stability can be defined as combustion instability. In
order to enhance the static stability of a practical augmentor,
a pilot system is often adopted not only to ignite but also to
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ating conditions.3,4 Therefore, the pilot flame is configured to
be very stable. The composition of the pilot system is another
fuel and air stream which will contribute to the local flame
holder wake conditions, and therefore to the flame holder sta-
tic stability. Fuel stratification can result in a piloting effect
too.5–7 It was shown in Cetegen’s study6 that an increase in
stratification decreased the average blowoff equivalence ratio
of the bluff body as the richer shear layer flame was effective
in piloting the weaker flame branch. Chaudhuri and Cetegen8
also studied the effects of spatial mixture gradient on response
dynamics of the bluff body flame holder. The inner enrichment
of the flame was found to be less susceptible to perturbations
due to its robust inner core.
From the dynamic stability point of view, most of the pre-
vious research on thermo-acoustic instability focuses on the
bluff body,9,10 V-gutter11,12 and backward-facing step13,14
flame holders. There are few studies on combustion instability
using pilot flame holder. The bluff body with a central fuel jet
is commonly used as a pilot flame holder.15–19 Pilot flame
structures can be divided into three,15 four,16 five17 or seven18
different modes based on different ratios of fuel to air mass
flow rate. The above pilot flames were all stabilized in an open
surrounding, which means that no acoustic feedback process
occurred. In a confined environment, the secondary fuel jets
at the back face of the flame holder20 were used to suppress
thermo-acoustic instability of the integrated fuel injector/flame
holder (IFF).21 When the secondary fuel was continuously
injected, the instability amplitude at 52 Hz was reduced, while
the amplitude at 142 Hz was slightly increased. The secondary
fuel was similar to the pilot fuel because it was located at the
same location as the pilot fuel. But the primary objective of
the secondary fuel in that work20 was to prevent the pressure
oscillations from igniting and anchoring the main flame. The
heat release from the pilot flame has some effects on the flow
field, which can be analyzed according to the vorticity trans-
port equation.22 Sengissen et al.23 studied the effects of the
pilot fuel on combustion instability in a gas turbine burner
using large eddy simulations. In their study, when the pilot fuel
mass flow rate was 2% of the total fuel mass flow rate, the
flame was less stable with the precessing vortex core (PVC)
being in the cold stabilization zone. The pressure oscillation
amplitude was 6000 Pa in this case. When the pilot fuel mass
flow rate increased to 6% of the total fuel mass flow rate,
the pressure oscillation amplitude decreased to 500 Pa. In this
case, the initial flame zone had a higher local equivalence ratio.
The pilot flame formed, and can prevent the occurrence of
PVC. Dhanuka et al.24 discussed the flame–flame interaction
when the main flame was anchored by the pilot flame. The pla-
nar laser induced fluorescence (PLIF) images of formaldehyde
in their study showed that the pilot flame overlapped the inner
edge of the main flame. The fluctuations of the pilot flame
length increased as the pilot fuel mass flow rate increased with
only the pilot fuel on. When the pilot fuel mass flow rate was
sufficiently small, the main flame was observed to exist well in
the upstream of the overlap region between the pilot flame and
the main flame. At this condition, flashback oscillations and
liftoff of the flame base occurred.25
The above three papers23–25 have illustrated the importance
of the pilot flame for the dynamic stability of the swirl combus-
tor. Although the swirl combustor has some differences with
the pilot bluff body stabilized combustor, it can be inferredfrom the previous works23–25 that the pilot flame is also a
key point for the dynamic stability of pilot bluff body
stabilized combustor. Because the interaction processes of
the pilot flame and the main flame are rather complicated, only
the pilot flame has been investigated in this paper. Hence
only the pilot fuel is supplied in the experiments. The main
objectives are to investigate the pilot flame dynamics and to pro-
vide bases for the study of the interaction mechanisms between
the pilot flame and the main flame. The pilot fuel has been
mixed with a small portion of air before flowing into the shear
layer and the recirculation zone. This is different from the fuel
jet at the back face of the flame holder15–21 because the fuel jets
have some impacts on the flow field.16,26 The pilot flame
dynamic processes are captured by a high speed camera. The
proper orthogonal decomposition (POD) is used to further ana-
lyze the high speed images to get the dominant flame processes.
Based on the equivalence ratio distributions and the one dimen-
sional acoustic mode analysis results, the combustion instability
of the pilot flame has been investigated.2. Experimental systems
2.1. Test facility introduction
The experimental facility consists of air supply system, fuel
supply system, test section and measurement system. The air
flow is supplied by a 0.6 MPa high pressure air storage facility.
The air flow passes through a pressure valve and then a honey-
comb to ensure a uniform flow field into a vortex flow meter.
The accuracy of the vortex flow meter is within ±1.5%.
Methane with purity of 99.9% is selected as the fuel. A
methane flow meter with an accuracy of ±0.5% is used to con-
trol and measure the pilot fuel mass flow rate.
The test section starts with a choked perforated plate as
shown in Fig. 1. The critical flow through the choked plate
ensures not only a constant mass flow rate but also a fully
reflecting acoustic boundary condition. The combustor outlet
is connected to the atmosphere. Therefore, the outlet acoustic
boundary condition is pressure release. The combustor con-
sists of a rectangular duct with a cross section being 60 mm
high and 80 mm wide. The test section length Ltot is
2100 mm from the choked plate to the combustor outlet.
The distance from the choked plate to the flame holder trailing
edge L1 is 1500 mm. The distance from the flame holder trail-
ing edge to the combustor outlet L2 is 600 mm. In the down-
stream of the flame holder, there is a quartz window for the
high speed camera.
The dynamic pressures are measured by four integrated
water cooled dynamic pressure transducers (American PCB
106B50). The transducers’ dynamic range is ±34.45 kPa with
frequency response being up to 40 kHz and resolution being
±0.48 Pa. The response time is less than 12 ls. The distances
between four dynamic transducers and the choked plate are
LA = 0.14 m, LB = 0.8 m, LC = 1.5 m, and LD = 1.9 m,
respectively. The dynamic data acquisition system is developed
based on Labview software. During the experiment, the sam-
pling frequency of the dynamic pressure transducers is
8 kHz, and the acquisition time is 2 s for every operating
condition.
A high speed image intensified complementary metal oxide
semiconductor (CMOS) camera is used in this study as the key
Fig. 1 Schematic of experimental facility.
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Periodic flame processes are recorded at 3000 frames per sec-
ond with a resolution of 768  272 pixels. The delay time of
the image intensifier is 1 ls. A (430 ± 10) nm bandpass filter
is used to make sure that only the chemiluminescence from
CH* radical can be monitored by the high speed camera.
The acquisition time of the high speed camera is 3 s for every
operating condition.
2.2. Flame holder and fuel supply system
The pilot flame holder and the fuel supply system are shown in
Fig. 2. The width of the trailing edge is 28 mm, resulting in a
blockage ratio of 0.46. The angle between the up and the down
flame holder walls is 26. 30 cooling air holes, with each having
a diameter of 2.2 mm, are arranged uniformly up and down
the pilot air inlet whose cross section is a 17 mm by 3 mm rect-
angle. The air passing through these holes is used to cool the
flame holder wall and to dilute the pilot zone fuel air mixture.
The pilot air flow rate is about 5% of the total air flow based
on a non-reaction steady numerical simulation. The pilot fuel
and the pilot air mixture flows into the pilot zone through two
rows of thirty pilot outlet holes with each having a diameter of
1.8 mm.
2.3. Operating conditions
The inlet air mass flow rate is 85 g/s. The inlet temperature is
285 K. The outlet is connected to the atmosphere; therefore,Fig. 2 Schematic of pilot flame holder and fuel supply system.the outlet pressure is 101.3 kPa. The average velocity of the
flame holder trailing edge surface is 26.8 m/s. Based on this
velocity and the width of the flame holder trailing edge, the
Reynolds number is 5.110 4. The pilot fuel mass flow
rate increases from 0.207 g/s to 0.690 g/s at an interval of
0.069 g/s. Combustion instability experiments are conducted
at these eight operating conditions. These tests have been
repeated three times to ensure repeatability.
3. Results and analysis
3.1. Combustion instability characteristics
In order to obtain combustion instability frequency, the Origin
software is used to transform dynamic pressure data from the
time domain to the frequency domain by using fast Fourier
transform (FFT). The time domain signals are filtered by a
bandpass filter with a bandwidth of 5 Hz centered at the com-
bustion instability frequency.27 The combustion instability
amplitude is then defined as the root mean square (RMS) value
of the filtered data.
In Fig. 3, there are four figures for FFT analyses of
transducer A when the pilot fuel mass flow rates are
0.345 g/s, 0.414 g/s, 0.552 g/s and 0.690 g/s, respectively.
Transducer A is near the choked plate. Each acoustic mode
has the highest amplitude at this location. Therefore, this
transducer is selected as the representative one. It can be
seen from Fig. 3(a) and (b) that the pilot flames are stable
at these two operating conditions since there is no peak fre-
quencies in these two figures. The pilot flame changes from
the stable to unstable state when the pilot fuel mass flow
rate is increased to 0.552 g/s. The combustion instability fre-
quency is 136 Hz, while the combustion instability ampli-
tude is 393 Pa, as can be seen in Fig. 3(c). In Fig. 3(d),
when the pilot fuel mass flow rate continues to increase
to 0.690 g/s, the combustion instability amplitude increases
to 1214 Pa.
In Fig. 4, the relationship between combustion instability
amplitudes and pilot fuel mass flow rates is given. It can be
seen in this figure that the combustion instability amplitudes
are almost zero when the pilot fuel mass flow rate is less
than 0.483 g/s. The combustion instability amplitude
increases with the increase of pilot fuel mass flow rate when
the pilot fuel mass flow rate is between 0.552 g/s and
0.690 g/s.
Fig. 3 FFT analyses of dynamic pressures of pilot flames.
Fig. 4 Relationship between combustion instability amplitudes
and pilot fuel mass flow rate.
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In the previous section, the combustion instability frequency is
136 Hz when the pilot flame is unstable. In this section, the
combustor acoustic mode is investigated to explain the origin
of the observed combustion instability frequency when the
pilot fuel mass flow rate is 0.690 g/s. At this operatingcondition, the combustion instability amplitude is 1214 Pa,
while the mean pressure in the combustor is 101325 Pa. The
ratio of the pressure oscillation to the average pressure in the
combustor is only 1.2%. Therefore, the acoustics of the
combustor are modeled by the linear one-dimensional
Helmholtz equation, while the viscous effects are neglected.
The effect of the mean flow is neglected since the Mach num-
ber of the flow in the combustor is about 0.08. Because the aim
of the acoustic mode analysis is to calculate the resonant
modes of the combustor, the unsteady heat release model
which describes how the unsteady addition of heat generates
pressure disturbances is neglected for simplicity. Only the real
parts of the acoustic modes frequencies have been calculated.
In the Helmholtz equation, q is the medium density, c is the
sound speed, x is the angular frequency and p represents the
pressure. The subscript 0 represents the mean value, while sub-
script 1 represents the fluctuation value.
q0c
2
0$½ð1=q0Þ$p1 þ x2p1 ¼ 0 ð1Þ
In order to get the solution for the Helmholtz equation, the
test section is divided into two parts, the cold section and the
reaction section. The temperature in the cold section is 285 K,
while the temperature in the reaction section is 670 K which is
the theoretical combustion temperature based on the hypothe-
sis that the fuel has been totally reacted. The cold section’s
length is 1.5 m, while the reaction section’s length is 0.6 m.
Both sections’ areas are 4800 mm2. Based on p0 ¼ q0RT0
Fig. 5 The first four longitudinal acoustic modes.
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c0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kRT0
p
(where k is the ratio of specific heats), the mean
density and the mean sound speed can be calculated in both
sections.
The general solution for the wave equation can be written
in the following form13,28:
p1ðx; tÞ ¼ fðt x=c0Þ þ gðtþ x=c0Þ ð2Þ
where the functions f(t) and g(t) are arbitrary. From the lin-
earized one-dimensional momentum equation, the velocity
oscillations are obtained in the following form:
u1ðx; tÞ ¼ ð1=q0c0Þ fðt x=c0Þ  gðtþ x=c0Þ½  ð3Þ
For the perturbation of frequency x, it is convenient to
write fðtÞ ¼ Reðbf expðixtÞÞ, where the ^ denotes the complex
amplitude. With this notation, the Eqs. (2) and (3) can be
rewritten as follows:
bpðxÞ ¼ bf expðixx=c0Þ þ bg expðixx=c0Þ ð4Þ
buðxÞ ¼ ð1=q0c0Þ bf expðixx=c0Þ  bg expðixx=c0Þh i ð5Þ
In each section of the combustor, Eqs. (4) and (5) give the
pressure and velocity mode shapes. The resonant frequencies
can be calculated from the application of the appropriate
boundary conditions at the inlet and the outlet of the combus-
tor and by matching the solutions at the flame location. The
solution for the Helmholtz equation in the upstream section
that can satisfy the choked inlet boundary conditionbu1ð0Þ ¼ 0 is:
bp1ðxÞ ¼ A cosðxx=c10Þ ð6Þ
bu1ðxÞ ¼  iAq10c10 sinðxx=c10Þ ð7Þ
where A is an arbitrary constant; the subscript 10 represents
mean values in the cold section. The solution for the Helm-
holtz equation in the downstream section that can satisfy the
pressure release boundary condition bp2ðLtotÞ ¼ 0 is:
bp2ðxÞ ¼ B sin½xðLtot  xÞ=c20 ð8Þ
bu2ðxÞ ¼  iBq20c20 cos½xðLtot  xÞ=c20 ð9Þ
where B is an arbitrary constant; the subscript 20 represents
mean values in the reaction section. By matching the velocity
and pressure solutions at the location of the flame where
x= L1, the following equation is solved numerically to calcu-
late the resonant frequencies:
q10c10
q20c20
¼ tanðxL1=c10Þ tan½xðLtot  L1Þ=c20 ð10Þ
The frequencies and the mode shapes of the first four lon-
gitudinal acoustic modes are given in Fig. 5. The black dashed
line represents the location of the flame holder trailing edge.
The frequencies of the natural acoustic modes are 47 Hz,
138 Hz, 220 Hz and 303 Hz, which are the 1/4, 3/4, 5/4 and
7/4 wave modes of the combustor, respectively. The relative
amplitudes have been used to compare the experimental data
and the second order acoustic mode shape in Fig. 5. Dynamic
pressure transducer A is chosen as the reference point, so that
the experimental and the calculated pressure perturbationscoincide at this location. The experimental pressure data from
other transducers have been normalized by the data from this
transducer. It can be seen from this figure that the pressure
amplitudes of the first and the second transducers are in good
agreement with the theoretical acoustic mode shape. The pres-
sure amplitudes of the third and the fourth transducers have
discrepancies with the theoretical acoustic mode shape. This
may be due to the lack of flame model.29,30 But the agreements
in terms of frequency and mode shape confirm that the com-
bustor resonates in the second longitudinal acoustic mode.
3.3. Numerical simulation of the equivalence ratio distribution
In the experiments, the pilot fuel has been mixed with a small
portion of the air before the fuel flows into the shear layer and
the recirculation zone. This is different from the fuel jet at the
back face of the flame holder, which will have some influences
on the flow field. The pilot fuel supply scheme in this paper is
similar to the carbureted fuel injection system (CFIS).2 The
momentum of the pilot fuel and air mixture is mainly deter-
mined by the pilot air mass flow rate through pilot air inlet,
as shown in Fig. 2. Hence, the pilot fuel jet’s effects on the flow
field are limited. Then the main differences between different
pilot fuel mass flow rates are that different pilot fuel mass flow
rate results in different equivalence ratio distributions in the
shear layer and the recirculation zone. In order to complement
the experimental work, non-reacting numerical simulations are
performed to predict the equivalence ratio distributions when
only the pilot fuel is supplied. The details of the equivalence
ratio distributions are given in this section.
The computational domain covers from the sonic plate out-
let to the combustor outlet. The tetrahedral meshes are refined
in the shear layer and the recirculation zone to better capture
the velocity gradient and the fuel distribution. The total num-
ber of the mesh is 2397764. The numerical methods are the
same as those of Lubarsky’s2 and Kiel’s.11 A mass flow inlet
and a pressure outlet are set to match the experimental condi-
tions. The steady Reynolds averaged Navier Stokes (RANS)
solver in Fluent is iterated to a converged solution. The stan-
dard k–e turbulence model with standard wall function is used
for closure. The second order upwind scheme is used for spa-
tial discretization. When the monitored outlet mass flow rate is
Fig. 6 Equivalence ratio distributions at different pilot fuel mass
flow rates.
Fig. 7 Averaged pilot flames when pilot fuel mass flow rates are
0.207 g/s, 0.414 g/s, 0.690 g/s, respectively.
Fig. 8 Stable pilot flame dynamics when pilot fuel mass flow rate
is 0.414 g/s.
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gence is achieved.
In Fig. 6, the equivalence ratios at the central line of the
cross-section 15 mm downstream of the flame holder trailing
edge are given. Different colors represent different pilot fuel
mass flow rates. The two thick black lines depict the location
of the flame holder trailing edges which are from
x= 0.014 m to x= 0.014 m. When the pilot fuel mass flow
rate is 0.207 g/s, the equivalence ratios in both the shear layer
and the recirculation zone are under fuel lean conditions. As
the pilot fuel flow rate increases from 0.207 g/s to 0.690 g/s,
the equivalence ratios in both the shear layer and the recircu-
lation zone increase. The equivalence ratios in the shear layer
increase faster than those in the recirculation zone. As a result,
double peak structures form. It should be noted here that as
only the pilot fuel is supplied, the total equivalence ratio is
only 0.14 when the pilot fuel flow rate is 0.690 g/s. Although
the total equivalence ratio is low, the local equivalence ratios
in both the shear layer and the recirculation zone are under
rich fuel conditions. As can be seen in Fig. 6, the equivalence
ratio in the shear layer is higher than 1.4. The rich flammability
limit equivalence ratio of methane flame is 1.67 according to
Law.31 The numerical simulation results illustrate that the
pilot flame operates near the rich flammability limit at this
operating condition.
3.4. Flame dynamic processes
In order to see the dynamics of the pilot flames, three typical
operating conditions are chosen to be captured by the high
speed camera. The pilot fuel mass flow rates are 0.207 g/s,
0.414 g/s and 0.690 g/s. The former two operating conditions
represent the stable pilot flames, while the latter represents
the unstable pilot flame.
In Fig. 7, three averaged pilot flames are obtained by aver-
aging 2000 high speed flame images. In the post processing of
the average high speed images, all three images are divided by
the max CH* chemiluminescence data of Fig. 7(a). When the
pilot fuel mass flow rate is 0.207 g/s, the strongest CH* chemi-
luminescence intensity occurs in the up and down shear layer
regions. In the middle of these two shear layers, weak CH*
occurs in the recirculation zone and is entrained by the recircu-
lation vortex. Because the total equivalence ratio at this oper-
ating condition is only 0.042, the pilot flame is compact andshort in length. When the pilot fuel mass flow rate increases
to 0.414 g/s in Fig. 7(b), the equivalence ratios in the shear
layer and the recirculation zone increase, as can be seen in
Fig. 6. The pilot flame in the shear layers becomes longer than
that in Fig. 7(a). The highest intensity of the CH* chemilumi-
nescence still occurs in the up and down shear layer regions.
The up and down shear layers separate from each other, and
the recirculation zone can be clearly seen in Fig. 7(b) to be sim-
ilar to that in Fig. 7(a). When the pilot fuel mass flow rate
increases to 0.690 g/s, the pilot flame angle becomes wider
and there is no obvious boundary between these two shear lay-
ers flame, which are different from those of the former two
pilot flames. The CH* chemiluminescence in the recirculation
zone is slightly higher than that in the shear layer.
The dynamics of a stable pilot flame and an unstable pilot
flame are given in Figs. 8 and 9, respectively. Every figure has
been divided by the max CH* chemiluminescence data at each
operating condition. Therefore, the color scales in the follow-
ing figures are between 0 and 1. In Fig. 8, the dynamics of
the pilot flame when the pilot fuel mass flow rate is 0.414 g/s
are given. At this operating condition, the pilot flame operates
in the stable mode, resulting in nearly silent combustion. It can
be seen from the high speed images that the pilot flame is
Fig. 9 Unstable pilot flame dynamics with pilot fuel mass flow
rate being 0.690 g/s.
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holder trailing edge. The vortex shedding does not interact
with one of the acoustic modes of the combustor. Therefore,
there is no coupling between the heat release rate and the pres-
sure oscillation. The heat release rate is steady, and the ampli-
tude of pressure oscillation is very small.
When the pilot fuel mass flow rate is 0.690 g/s, the pilot
flame dynamics are given in Fig. 9. In Fig. 9(b), the flame at
the flame holder trailing edge is narrow. It is then spread in
the downstream region into a U-shaped flame. The CH*
chemiluminescence intensity of the U-shaped flame is higher
than that at the flame holder trailing edge. The U-shaped flame
then moves downstream in Fig. 9(c) and (d) with the gradual
increase of CH* chemiluminescence intensity. In these two fig-
ures, the U-shaped flames are still attached to the flame at the
flame holder trailing edge. In Fig. 9(e) and (f), the U-shaped
flame is detached from the flame at the flame holder trailing
edge. New U-shaped flame forms at the flame holder trailing
edge. Then in Fig. 9(g), as the fuel is continuously consumed,
the detached flame disappears gradually. The U-shaped flame
becomes longer than that in Fig. 9(f). From Fig. 9(g) to (h), the
up and the down branches of the U-shaped flame interact with
each other. As a result, the pilot flame becomes shorter and
wider from Fig. 9(h) to (a). Another U-shaped flame shedding
process begins, and the periodic process is completed. The heat
release is unstable due to the periodic processes of the pilot
flame in this figure. The unsteady heat release has a positive
feedback to the second order longitudinal acoustic mode of
the combustor. Therefore, the pilot flame is unstable at this
operating condition.
As the temperature ratio of the burned to the unburned gas
grows greater than about two, the Be´nard/von Ka´rma´n (BvK)
instability32 in flames will be apparently suppressed. The sym-
metric vortex shedding from the shear layer is of particular sig-
nificance as the mechanism for the large scale periodic
processes of the pilot flame in Fig. 9.
The physics of the influences of heat release on the flow field
can be understood from the vorticity transport equation33:
@x
@t
þ ðu  $Þx ¼ ðx  $Þu xð$  uÞ þ $q $p
q2
þ m$2x ð11Þwhere x is the vorticity, u is the velocity, m is the viscous coef-
ficient. The four terms on the right hand side are the vortex
stretching, gas expansion, baroclinic production and viscous
diffusion terms.
The first and the fourth terms exert an influence regardless
of whether combustion occurs in the flow or not. When com-
bustion occurs, the first term acts as a vorticity sink. The kine-
matic gas viscosity of the fourth term sharply rises through the
flame due to its high temperature sensitivity, and tends to
enhance the rate of diffusion and damping of vorticity. Due
to the misalignment of pressure and density gradients, vorticity
is generated by the baroclinic mechanism. This vorticity is of
the opposite sign against the vorticity generated by bluff body
wall, but of the same sign as the vorticity generated by channel
wall. The baroclinic term is scaled by the following term7:
$q $p
q2
e Us
d
 qu
qb
 1
 2
sin a ð12Þ
where Us is the unburned upstream velocity, d is the shear layer
thickness, qu is the unburned density, qb is the burned density,
and a is the flame angle. It can be seen in Figs. 7 and 9 that
when the pilot fuel mass flow rate increases to 0.690 g/s, the
pilot flame angle becomes wider. Then the baroclinic produc-
tion term will become active. This is the main reason for vortex
shedding. In addition, as the heat release zone occupies a larger
cross section of the duct, the baroclinic production will be
strengthened by the vorticity generated by channel walls. In
future studies, this work will be extended by performing high
speed particle image velocimetry (PIV) measurements in order
to determine the average and instantaneous velocity fields to
illustrate vortex shedding processes.
3.5. POD
The study of flame dynamics has been facilitated by the appli-
cation of high speed camera for which the sampling frequency
can reach kilohertz. Image acquisition at such rates can lead to
substantially large data sets that are difficult to process and
analyze. POD is a powerful tool to provide the researcher with
lower order estimates of higher order data obtained from high
speed camera. It is a statistical method that reduces a set of
original data into a set of Eigen bases that contain all of the
spatial information and constants that contain all of the tem-
poral information. POD is based on energy considerations.
If the flame has energetic and periodic structures, they will
be captured in the first couple of POD modes. Therefore,
POD can be used to identify the dominant flow structures.34,35
In this paper, POD is applied to high speed flame images as a
means to extract the modes and energies related to flame shed-
ding behaviors. Each spatial POD mode represents the fluctu-
ations in the high speed flame images, while eigenvalues
represent the respective energies of each mode.36
The method of snapshot POD35,36 is used because the num-
ber of pixels is much more than that of the flame images. Con-
sidering the POD analysis of N flame images, each image can
be arranged in a vector u after the mean value is subtracted.
Then the vector u can be combined into a matrix U:
U ¼ ½u1; u2; . . . ; uN1; uN ð13Þ
The auto-covariance N  N matrix C is formed as:
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The eigenvalues k and eigenvectors A can be obtained by
solving the eigenvalue problem of matrix C:
CA ¼ kA ð15Þ
The POD modes can then be calculated byFig. 10 Energy proportions in the first 20 POD modes with pilot
fuel mass flow rate being 0.690 g/s.
Fig. 11 The first four POD modes and time consta/iðxÞ ¼
PN
n¼1A
i
nu
n
kPNn¼1Ainunk i ¼ 1; 2; . . . ;N ð16Þ
The time constants are found by projecting the original
data onto the POD modes6:
un ¼
XN
i¼1
ani /
i ¼ wan ð17Þ
In this equation, ani are time constants while
w ¼ ½/1;/2; . . . ;/N1;/N ð18Þ
In Fig. 10, the energy proportions of the first 20 PODmodes
when the pilot fuel mass flow rate is 0.690 g/s have been given.
It can be seen in this figure that the energy proportion of the
first POD mode is about 26%, which is the highest among all
POD modes. Each successive mode represents the next greatest
contribution to the overall signal. The energy proportions are
all less than 5% when the POD numbers are higher than five.
In order to investigate the behavior of large scale structures,
the first four POD modes and the corresponding time con-
stants have been given in Fig. 11. Fig. 11(a) shows the first
POD mode when the pilot fuel mass flow rate is 0.690 g/s. It
can be seen in this figure that the large scale symmetric vortex
shedding is the main reason that causes the flame to be
unstable since the first POD mode has the highest energy
proportion. The following three POD modes have a symmetricnts with pilot fuel mass flow rate being 0.690 g/s.
Fig. 12 FFT analyses of the time constants of the first four POD modes with pilot fuel mass flow rate being 0.690 g/s.
1614 X. Fu et al.manner too. However, the fluctuations in these three POD
modes have a smaller scale because the energy proportion
decreases gradually. This can be also seen in the figures for
the time constants that peak value decreases gradually from
the first to the fourth POD mode.
The POD time constants which represent the contribution
of one POD mode to every flame image can be used to examine
the flame shedding processes and the time scales associated
with these processes.6 By performing FFT analyses of the time
constants associated with the first four POD modes, the fre-
quency contents of the flame shedding processes have been
determined in Fig. 12. It can be seen from these four figures
that the characteristic frequencies of the first four POD modes
in Fig. 11 are all 135 Hz. The amplitudes at the peak frequen-
cies decrease gradually because the energy proportion
decreases gradually from the first to the fourth POD mode.
Since the peak frequencies are almost the same as the fre-
quency of the second order longitudinal acoustic mode, this
acoustic mode of the combustor has been excited.4. Conclusion
In this paper, combustion instability experiments are con-
ducted on the pilot flame in a model pilot bluff body stabilized
combustor. A high speed camera is used as the key diagnostictool for characterizing the flame dynamic processes. The POD
is used to further analyze the high speed flame images and to
identify the dominant flow structures. The conclusions from
the present work can be summarized as follows:
(1) Due to the increase of pilot fuel mass flow rate, the
equivalence ratios in the shear layer and the recircula-
tion zone increase from lean condition to rich condition.
The pilot flame changes from stable to unstable state.
(2) High speed flame images and POD analysis illustrate
that the symmetric vortex shedding is the main reason
for unstable flame.
(3) The flame shedding frequency is 135 Hz and is deter-
mined by FFT analyses of the time constants of the first
four POD modes. This frequency is almost the same as
that of the second order longitudinal acoustic mode of
the combustor. Therefore, this acoustic mode has been
excited.
(4) From the designer’s point of view, a robust pilot flame is
the prerequisite for a stable main flame. Therefore, the
pilot fuel mass flow rate must be optimized to obtain a
stable pilot flame.
In the next step, the main fuel will be added to the combus-
tor. The interaction mechanisms between the pilot flame and
the main flame will be investigated.
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